Friction measurements have been performed on microcrystalline, ultrananocrystalline, and diamond-like carbon ͑DLC͒ films with natural diamond counterfaces in the temperature range of 8 K to room temperature. All films exhibit low friction ͑ Յ 0.1͒ in air at room temperature. In ultrahigh vacuum, microcrystalline diamond quickly wears into a high friction state ͑ Ϸ 0.6͒, which is independent of temperature. DLC has low friction even at the lowest temperatures. In contrast, friction in ultrananocrystalline films has a significant temperature dependence, with a broad transition from a low to a high friction state between 120 and 220 K observed on both heating and cooling. The role of hydrogen transport in determining the temperature dependence of friction is discussed.
I. INTRODUCTION
Diamond and diamond-like carbon ͑DLC͒ films are tribologically useful coatings due to their typically low coefficient of friction. [1] [2] [3] [4] They are used as coatings in macroscopic objects such as engine parts 5 and disk drives, 6 and in the construction of microelectromechanical systems ͑MEMS͒. 7, 8 Diamond films deposited using chemical vapor deposition ͑CVD͒ are grown from plasmas, which contain a variable concentration of atomic and molecular hydrogen and various CH x species. 9 This intrinsically nonequilibrium growth process can yield a wide range of materials with different grain sizes, sp 2 / sp 3 ratios, and hydrogen concentrations, which are determined by details of the growth process parameters. Grain size is a simplistic but nevertheless useful way to classify diamond films. Microcrystalline diamond ͑MCD͒, ultrananocrystalline diamond ͑UNCD͒, and DLC are often used to denote films with micron, nanometer, and atomic scale orders, respectively. This classification is useful because there is a general tendency for sp 2 ͑graphitic͒ content and hydrogen concentration to increase as the grain size decreases.
Although friction in diamond has been intensively studied, most previous measurements of diamond friction have been performed at room temperature or above, in the presence of air or some other lubricant, and often with a nondiamond counterface. [10] [11] [12] [13] Our main focus is the study of the friction of diamond/diamond sliding interfaces in vacuum as a function of temperature from room temperature to cryogenic temperatures. Our interest is motivated by possible applications of MEMS devices in extreme environments, as well as the more basic question of the behavior of self-mated dry friction at very low temperature.
Diamond is an interesting material for this study because of its very high Debye temperature of 1860 K. This implies that most of the phonon modes that contribute to the heat capacity are frozen out in diamond even at room temperature, and the thermodynamic properties become increasingly nonclassical as the temperature is lowered. The only previous studies of friction in diamond at low temperatures utilized diamond samples in contact with fluid cryogens.
14 Diamond on diamond friction measurements in vacuum and low pressure environments at room temperature 1, [15] [16] [17] showed that tribological properties often degrade in ultrahigh vacuum ͑UHV͒, and hydrogen plays a special role in maintaining low friction coefficients in diamond. Molecular dynamics ͑MD͒ simulations have also been used to model friction between two diamond surfaces. [18] [19] [20] [21] [22] In these studies, friction increased slightly as the temperature was lowered from 300 to 50 K, and increases rapidly below 50 K. This is presumably due to the difference in thermal motion of the atoms in the simulation at these different temperatures, although there is no obvious physical mechanism to explain a sharp transition near 50 K. The applicability of the classical MD in this temperature range where quantum effects are important is not clear.
The experiments reported here utilized different types of diamond films with a wide range of grain size, initial roughness, and hydrogen content. These experiments were performed using a sliding block tribometer, which was compatible with UHV and cryogenic temperatures. Measurements were performed in air and under vacuum to evaluate "run-in" behavior. The temperature dependence of the kinetic friction coefficient in UHV was measured in the range 8-300 K. We find that DLC films with high hydrogen content have low values of friction ͑ k Ͻ 0.1͒ while microcrystalline films with relatively low hydrogen content had high values of friction ͑ k Ϸ 0.5͒ throughout this temperature range, with very little temperature dependence. Ultrananocrystalline films had an intermediate behavior, with low friction at room temperature but high friction at low temperature, with the crossover taking place at approximately 170 K.
II. EXPERIMENTAL
Kinetic friction measurements were performed using the sliding block tribometer described in Ref. 23 . Briefly, a high speed video is used to monitor the motion of a copper block supported by natural diamond tips sliding down a vee-shaped track. The track is formed from two pieces of diamond coated silicon with dimensions of 10ϫ 1.25 cm 2 ͑Fig. 1͒. The diamond tips on the sliding block were removed from commercial diamond scribes ͑J&M Diamond Tool, Inc.͒ and are initially conical in shape with a 90°angle at the tip. After only a few cycles the tips wear down to truncated cones with a circular flat on the end of radius 35Ϯ 25 m, as shown in Fig. 2 . This radius is used to calculate a contact pressure of approximately 10-60 MPa for a block with mass of 30 g ͑depending on the tilt angle of the tribometer and specific wear on each tip͒. The tribometer is mounted in a vacuum can with several optical windows, which forms the outer part of the cryostat. To make a friction measurement, a solenoid at one end of the vee-track is activated, which magnetically attracts a small -metal button on the end of the slider to keep it pinned to the end of the track. -metal was chosen because it has no remaining magnetization after being removed from a magnetic field; thus there will be no issues with eddy currents during the descent of the block. The veetrack is then rotated into position so that the block will slide when the solenoid is released. As the solenoid is disengaged, a high speed video camera ͑Phantom 7.2͒ is triggered to capture the slide at a rate of 1000 fps. Spring loaded bumpers at the ends of the track reduce the vertical bouncing caused by impact at the end of the track. During the slide, the block moves under the influence of gravity and frictional forces, which produce a constant acceleration, so the displacement of the block is a quadratic function of time. Videos of the motion are analyzed using an edge tracking software to measure the position of the block as a function of time, and the acceleration of the block is calculated by fitting a parabola to the trajectory. The total normal force on the block is
where m is the mass of the block, g is the acceleration due to gravity, and is the angle that the track is tilted from the horizontal ͑Fig. 3͒. The factor of ͱ 2 arises from the vee-track and the cos from the angle to which the track is tilted for the block to slide. The total normal force is 0.18 N, or 0.036 N per point of contact, assuming 5 points of contact. Using this normal force and the acceleration of the block down the track, the coefficient of kinetic friction can be calculated via Newton's second law. The coefficient of kinetic friction, k , is
where a is the measured acceleration, g is the acceleration due to gravity, and is the angle of the track with respect to the horizontal. After each slide, the track is immediately reset to return the slider to the starting position to wait for the next measurement, although the solenoid is not engaged until it is time to measure the next data point so as to not heat the slider. The diamond films were between 2 and 3 m thick and were produced by CVD on silicon substrates by commercial vendors. The MCD was produced by sp3, Inc., the DLC by Morgan Advanced Ceramics, and the UNCD by Advanced Diamond Technologies, Inc., which provided two samples denoted UNCD1 and UNCD2 and were manufactured with a slightly different process and thus had different hydrogen contents while other film properties remained the same. The hydrogen content, grain size, and roughness of these films are described in Table I . The grain size of DLC is not listed because DLC does not contain diamond grains but is an amorphous mixture of sp 2 and sp 3 bonded carbon atoms. The hydrogen content was measured using hydrogen forward scattering by Evans Analytical Group. Large grain size and high initial roughness are correlated with low hydrogen content.
Each friction measurement was begun with fresh, sharp, diamond tip counterfaces on the sliding block. The initial surface roughness of the films varies over a wide range, but the wear-in process significantly alters the topography. The surfaces were worn in by sliding up to several hundred times in air at room temperature. In agreement with previous results, 24, 25 this procedure lowers the friction coefficient and generates a steady state friction value, which becomes independent of cycle number as shown in Fig. 4 . Although the exact value at which the friction coefficient plateaus is dependent on the material parameters of the substrate and the counterface, as well as on the residual roughness of the wear track, 25 the focus of our investigation is the temperature dependence of this steady state value on the friction coefficient. After the room temperature wear-in procedure, the apparatus was pumped out and the cooldown was initiated. The cryostat consisted of several concentric radiation shields, as shown in Fig. 5 , with independent control over the tribometer temperature. As the inner radiation shield was cooled to its operating temperature of 8 K ͑which takes approximately 12 h͒, the temperature of the tribometer was maintained at 295 K, which effectively cryopumps the tribological surfaces. The vacuum environment of our apparatus is rather unusual. Conventional UHV surface spectroscopies are not compatible with our cryogenic setup. Even an ion gauge would generate too high a heat load onto the 8 K shield, so the pressure cannot be measured directly. Nevertheless, the effective pressure in our apparatus is far below the values of 10 −10 Torr typical of room temperature UHV systems. The tribometer is completely surrounded by surfaces at 8 K, which permanently trap all species except helium, so it is effectively inside a cryopump. Similar systems in our laboratory have been used to keep extremely reactive surfaces such as cesium and rubidium atomically clean for months. 26, 27 Although water vapor can have a significant effect on the tribological behavior of various materials, 28 water is not an issue in this experiment. As has been observed in several studies, [29] [30] [31] water rapidly desorbs between 130 and 180 K from many surfaces including Rh, Ag, and graphite. By holding the temperature of the experiment at 295 K for several hours while preparing the cryogenic UHV environment, the coverage of water on the tribological surfaces is reduced to negligible levels.
The sliding block came into mechanical contact with the track only through the diamond load points and the k metal button, so its thermal connection to the track was rather weak. The effective temperature of the block was determined in a separate calibration run-in which a thermometer was attached to its top surface. The temperature of the block was typically within approximately 15 K of the temperature of the track, but the sign of the difference and the exact value depended on the rate of heating or cooling and the absolute temperature. The temperature measured in the calibration run was used to establish the coupling parameters in a thermal model, which included conductive and radiative heat transfer and the temperature dependent heat capacity of the block. Because of the small contact area, radiation is the dominant mode of heat transfer to and from the block. The results of the model were verified for a wide range of heating and cooling rates. For all subsequent runs, the thermometer on the sliding block was removed, and its temperature was determined from the model using the known temperature and heating or cooling rate of the track.
The model provided the average temperature of the sliding block, but it did not account for the instantaneous and localized heating due to friction at the contact points. We estimated this so-called "flash temperature" by solving the one dimensional heat diffusion equation for an infinite rod with a heat flux at one end proportional to velocity and the coefficient of friction. Approximating the diamond tip as a thin rod with a contact area of 1.2ϫ 10 −9 m 2 in this way will have the effect of overestimating the contact temperature. The solution for the temperature rise at the contact point ⌬T is
where t is the time duration of the slide, which was 0.2 s in this case; is the thermal diffusivity of diamond, which ranges from 0.007 to 3 m 2 / s as a function of temperature; is the thermal conductivity of diamond, which ranges from 1 to 100 W / m K; and a is the constant acceleration of the block. The infinite rod solution is valid for times less than the thermal diffusion time L 2 / , where L is the length of the diamond tip; this characteristic time is less than 0.2 s for our system. Since the slide time is comparable to the thermal diffusion time in diamond, the diamond tip can be assumed to be approximately isothermal, and the heat flux out of the tip is limited by the thermal properties of the steel base, which the diamond tip is mounted to. The calculation made for steel produces a ⌬T of 0.02-2.0 K. The same calculation for infinite diamond yields a ⌬T of 0.11-0.54 K. The actual ⌬T is expected to be between these two sets of values. We conclude that local frictional heating is a negligible correction to the average measured temperature in our system, but this is only true because of the short duration of the slide. In conventional tribometers that use continuous rotational motion, it is common to have flash temperatures of several hundred Kelvin. 33, 34 Within the UHV environment, the tribometer temperature could be controlled between 295 and 8 K. Friction measurements were obtained as the sample was cooled to its lowest temperature, as well as when the sample was heated back to 295 K to check for hysteresis and wear. Approximately 200 slides in UHV were performed for each sample.
III. RESULTS
All types of diamond films tested had qualitatively similar wear-in behavior in air at room temperature. As has been seen elsewhere, 35 initially high friction quickly dropped to a lower value, which remained constant as long as the film remained in air at room temperature. The coefficient of friction, in all cases, began between 0.14 and 0.17 and decreased to low values of 0.09 or less. MCD required the longest run-in, while DLC required only 13 sliding cycles to reach its asymptotic low friction state, as shown in Fig. 4 .
As the air was pumped out of the apparatus and the samples reached UHV conditions at room temperature, the friction properties of DLC and UNCD showed essentially no change, maintaining their low friction value. In contrast, the MCD sample's coefficient of friction rapidly increased over approximately 100 cycles from k = 0.065 to k = 0.7, as shown in Fig. 6 . Similar behavior was observed by Feng et al. 1 Subsequent inspection of the wear track showed that this transition from low to high friction was accompanied by significant wear. In one experiment, a MCD sample was worn in at room temperature in air, after which no slides were performed until the tribometer had reached its bottom temperature of 10 K. At this low temperature, only 8 sliding cycles were required to make the transition from low to high friction, as shown in Fig. 7 . In addition, friction returned to a low value immediately upon return to an air atmosphere, as has been seen previously. 36 The temperature dependence of the friction coefficient for each type of diamond film is shown in Fig. 8 . Both the MCD and the DLC samples had very little temperature dependence. After UHV wear-in, the MCD samples had high friction k Ͼ 0.5 and k increased only slightly to k = 0.6 as the temperature was lowered to 8 K. The DLC sample maintained a low value of k Ͻ 0.1 down to the lowest temperatures investigated; above T = 180 K, the friction is particularly low and shows no thermal hysteresis. In contrast, the friction coefficient for the UNCD films depends strongly on temperature. At room temperature, the UNCD films have values of k in the range of 0.1, but as the temperature is reduced, k rises to 0.35. The transition from low to high friction takes place in the temperature interval between 150 and 225 K. Although there are some hysteresis and scatter in the friction measurements, this transition is essentially reversible, with the sample returning to a low friction state at T = 295 K after a complete thermal cycle.
The data shown in Fig. 8 were obtained by observing one slide at each new value of the temperature. In an attempt to separate the effects of temperature from wear-in and the total number of sliding cycles on the transition observed for the UNCD samples, we performed several experiments in which the sample was abruptly dropped from room temperature to a constant temperature within the transition region after measuring a base-line friction level at room temperature. The friction coefficient was then measured for 40-70 sliding cycles at a fixed temperature. The results are shown in Fig. 9 . The rate of increase in the coefficient of friction was observed to be identical at 228 and 206 K. The final coefficient of friction, however, was notably different. Near the beginning of the transition, at 228 K, the coefficient of friction began to level out at 0.32 after approximately 25 cycles. However, at 206 K, well into the thermal transition, friction only appeared to begin to level out at 0.6 after approximately 50 cycles. The final value for 206 K may actually be higher, but the experiment was stopped at this point to prevent excessive film damage. In each case, the tribometer was then returned to 295 K and friction was measured several times. In both cases the friction coefficient returned to its low state, confirming that the observed effect is dependent on temperature and not a result of permanent wear or film damage.
Wear is important, however, in determining the turnover rate of material at the sliding surfaces. Quantitative measurements of the wear of the films were difficult because the wear is small and spatially inhomogeneous. In MCD, wear takes place primarily at the highest asperities, which produce mesas in the film in an irregular pattern. In UNCD and DLC films, the wear track is almost invisible except for isolated regions where micron size pieces of material have been removed. Because of the well-defined geometry, it is much easier to measure the wear on the conical diamond tips on the block, which made contact with the films on the track. 
IV. DISCUSSION AND CONCLUSION
Although the tribological behaviors of MCD, UNCD, and DLC are rather similar in air at room temperature, their behaviors in vacuum and at cryogenic temperatures are distinctly different. In vacuum at room temperature, MCD wears within 10-100 sliding cycles into a state with Ϸ 0.6. This high friction state is essentially independent of temperature down to the lowest temperatures investigated. For DLC at room temperature, the performances in air and vacuum are identical, with Ϸ 0.03 independent of the number of cycles. As the temperature is lowered, remains constant down to approximately 200 K. As the temperature is lowered further, increases slightly but remains below 0.1. UNCD samples are also unaffected by vacuum at room temperature, with in the range 0.05-0.15. remains constant down to T Ϸ 230 K. As the temperature is decreased, rises until it plateaus around 100 K at a value of Ϸ 0.3-0.4.
Numerous previous investigations have established that hydrogen plays an important role in determining the friction of diamond and DLC surfaces. 15, 17, 38 In air, diamond and DLC surfaces are terminated with hydrogen, and the repulsive interactions between the C-H bonds on two sliding diamond surfaces lead to low friction. 4, 39, 40 The topmost hydrogen terminated layers are worn away at a rate in the range 10 −4 -10 −1 layers/ cycle, depending on the details of the load and the material. If the hydrogen termination is not replenished, the subsequent sliding involves dangling carbon bonds FIG. 8 . ͑Color online͒ Friction coefficient for several types of diamond substrate as a function of temperature. The friction is similar for both cooling and heating runs for all materials. The friction for MCD is high and for DLC low, and both have only a weak temperature dependence, with a slight tendency toward higher friction at low temperature. The friction in UNCD makes a reversible transition between high and low friction states in the temperature range of 120-220 K. All measurements under cryogenic vacuum.
FIG. 9. ͑Color online͒ Friction coefficient of UNCD1 plotted vs relative cycle number at constant temperatures near the beginning temperature of the observed friction rise regime as seen in Fig. 8 . Friction was measured at 295 K, then at lower temperature ͑228 or 206 K͒, then again at 295 K. The arrows indicate time progression, but are not linear fits to the data. Data were taken after temperature cycling ͑Fig. 8͒ but before breaking cryogenic vacuum. All measurements under cryogenic vacuum.
in direct contact, which leads to high friction. This picture implies that maintaining a low friction state requires a source of hydrogen, which can compensate for the hydrogen removed by wear; the hydrogen source can be either from the gas phase, transported on the surface, or through the bulk of the solid.
For MCD, the fact that the friction can be reversibly modulated with changes in gas pressure implies that the source of hydrogen is the ambient gas. In high vacuum at room temperature and below, the transport rate of hydrogen through or across the surface of the solid is so slow that it cannot compensate for wear on any conventional experimental time scale. Although the hydrogen content of UNCD is within a factor of 2-3 of MCD, its tribological behavior in vacuum and at low temperatures is dramatically different, which suggests a corresponding difference in the hydrogen transport mechanism. In UNCD, transport of hydrogen in the solid is apparently rapid enough to replenish the hydrogen across a wear track with a characteristic scale of Ϸ50 m within a few seconds. Moreover, the hydrogen transport mechanism is temperature dependent. In the temperature range 170-230 K, rises from Ϸ0.1 to Ϸ0.3, which suggests that the rate of hydrogen transport has decreased so much that below 170 K it can no longer compensate for wear. It is noteworthy that the hydrogen transport mechanism is unlikely to be conventional bulk diffusion through the diamond lattice. Although bulk diffusion of hydrogen through diamond is a thermally activated process, the activation energy is Ϸ2 eV, Ϸ22 000 K, and the diffusion rates are negligibly small even at room temperature. 41 If diffusive transport of hydrogen is indeed responsible for the temperature dependence of the friction in UNCD, then the activation energy must be only a few hundred kelvin. The process with activation energies of this size has been identified in studies of low temperature internal friction of diamond. 42 It is intriguing to speculate that the difference in friction behavior in MCD and UNCD is related to transport along grain boundaries. Although the hydrogen content varies by less than an order of magnitude, the grain size of MCD and UNCD differs by three orders of magnitude.
The tribological properties of DLC are not easily explained by the hydrogen transport picture. DLC is 25% hydrogen, which is approximately three to five times greater than our UNCD samples. DLC has a very low Ϸ 0.03 at room temperature in both air and vacuum. This low value persists down to T Ϸ 170 K where roughly doubles and then remains constant down to the lowest temperatures investigated. Although the characteristic temperature for the increase in friction is approximately the same as for UNCD, the asymptotic low temperature value of is much lower. If transport through grains plays a role, it seems to be much less important in DLC than in UNCD. Perhaps the bulk concentration of hydrogen in DLC is high enough that fresh surface exposed by wear can be hydrogen terminated without requiring long range motion of hydrogen. In any case, DLC films have the mechanical integrity to survive thermal cycling and have excellent wear and friction properties in vacuum at cryogenic temperatures.
